The antimalarial artemisinin is produced by Artemisia annua L and can be used to kill the protozoan parasite Plasmodium, which is spread by mosquitoes. Artemisinin is extracted from these plants through tea preparation. The artemisinin content of the tea varies depending on how much artemisinin was extracted. There is currently no rapid means of measuring the artemisinin content of the tea. We studied the use of near-infrared spectroscopy (NIRS) to detect artemisinin in tea extracts. NIR spectra were measured in 2mm pathlengh transmitted cuvettes. Our results showed that NIRS can be used to rapidly predict the artemisinin content (R 2 = 0.84, SECV=3.4 ppm), and the scanning procedure is simple and quick. Hundreds of samples can be prepared and scanned per day with relatively little training, and the process requires no consumables. This rapid and simple technique could be used in medical clinics to determine whether tea being prepared for patients contains enough artemisinin to be effective.
Introduction
Local medicinal plants have been used for thousands of years to cure many diseases, including malaria (Kitua et al., 2004; Wilcox et al., 2004) . The antimalarial artemisinin is produced by the plant Artemisia annua L and can be used to kill the protozoan parasite Plasmodium, which is spread by the Anopheles mosquito. Artemisinin is extracted from these plants through a simple tea preparation (Mueller et al., 2000) . The leaves and flowers are typically used because they have the highest artemisinin content of approximately 0.44% as reported by Mannan et al. (2010) . The parasite can be removed from an infected person's bloodstream in 4-5 days by drinking one liter per day of Artemisia tea (Mueller et al., 2000) . For those people who cannot afford commercial pharmaceuticals, Artemisia tea is a cheap and simple cure for malaria, and the plant can be readily grown in climates where malaria is endemic.
Alternatively, spectroscopic methods do not require involvement of wet chemistry and can be nondestructive to the sample. A safe and rapid method would allow researchers to quickly evaluate new cultivars and extraction methods. Near-infrared spectroscopy (NIRS) is a method that can be used to rapidly measure traits of biological materials such as grain (Peiris et al., 2010) , biofuels (Coronado et al., 2008) , and insects (Sikulu et al., 2010) by measuring the spectral signature of those materials. The absorbance of energy at each wavelength is directly affected by the quantity of the compounds that make up the biological materials. NIRS has been used to determine the artemisinin content of dry Artemisia annua powder (Camps et al., 2011) and the presence of artemisinin in genuine or counterfeit drugs .
NIRS is cheap and fast, giving results in a few seconds while requiring no reagents. Measuring the artemisinin content of tea is important for the study of extraction methods in the making of the tea and also for the study of the impact of farming practices and environmental factors on the artemisinin content. Additionally, ECHO (Educational Concerns for Hunger Organization, Fort Myers, Florida), an organization that provides plants and seeds to developing countries, has asked for a rapid method to evaluate how artemisinin is expressed in the plants. The objective of this research was to determine if NIRS can detect artemisinin in tea made from flowers and leaves of A. annua.
Methods and Materials

Samples
Flowers and leaves of the A. annua L cultivars sweet wormwood, wormwood, and the hybrid A. annua anamed (A-3) were obtained from a clinic in Doma, Mashonaland West province, Zimbabwe. In addition, leaves from two young A-3 plants harvested in June and September 2010, leaves and flowers from an older A-3 plant harvested in October, and two A-3 plants harvested in November 2010 were also obtained from ECHO and had been grown in the Fort Meyers, Florida, region. The artemisinin concentration in the plants is highest at approximately the time of flowering (Ferreira et al., 1995) ; thus, the inclusion of younger and older plants should provide a range of artemisinin contents. Plant samples (0.4 g) were ground using a mortar and pestle, and 24 mL of boiling water were poured over each sample. The samples were allowed to steep for 15 minutes.
Scanning
NIR spectra were collected from tea samples using a Labspec 5000 NIR Spectrometer (400-2500 nm, ASDI, Boulder, CO). Each tea sample was scanned by placing the tea in a Q2 cuvette (Labomed, Inc, Culver, City, CA) that was then placed in a Multi-purpose Cuvette Fixture (ASDI, Boulder, Co) and scanned at room temperature (20C) (Fig. 1) . The cuvettes had a path length of 2 mm and a volume of 0.7 ml. The scanning was repeated to produce three replicates, and the cuvette was emptied and rinsed with distilled water between replicates. Next, a 1x dilution was obtained by diluting 5 ml of each tea sample with 5 mL of distilled water, and the scanning process was repeated. A 2x dilution was then obtained by diluting 5 ml of the original tea using 10 mL of distilled water, and the scanning process was repeated. Three replicates were performed per dilution, per sample. Water was used as a reference spectrum.
Fig 1.
Scanning Artemisia tea samples using a near-infrared spectrometer and a multipurpose cuvette fixture.
Mid-infrared (MIR) spectra were collected of artemisinin in granular form so that MIR absorbance peaks could be related to the broad overtones that are characteristic of NIR spectra. Pure artimisinin (Sigma-Aldrich, St. Louis, MO), was scanned using a PerkinElmer Spectrum 400 Infrared Spectrometer (Shelton, CT). A 100 mg sample was placed on the diamond UATR (Universal Attenuated Total Reflectance) window and scanned using the absorbance setting. The spectrometer conditions used were a resolution of 2 cm-1, a data interval of 0.5 cm-1, and a mirror speed of 0.1 cm/s, and 10 scans were averaged to obtain the final spectrum for each sample. The sample was also scanned in the same manner using the Near Infrared Reflectance Accessory.
HPLC analysis
The artemisinin content in each tea sample was determined by HPLC (Agilent 1200, Santa Clara, CA) equipped with a Prevail C18 column (Alltech, 150×4.6 mm, 3 µm; Deerfield, IL) and an Agilent 1200 series evaporative light scattering detector (ELSD) as described by Liu et al. (2011) . The temperatures of the column and the ELSD were both set to 40 °C. The flow rate of the mobile phase (methanol/water 80:20) was 0.6 mL/min. The retention time for the artemisinin was ~5.18 min. A standard calibration curve for artemisinin (Sigma-Aldrich, St. Louis, MO) was established under the same conditions. Artemisinin content determined by HPLC was used as the reference value for NIR calibration models.
Spectral analysis
The NIR spectra were analyzed using Grams PLSPlus/IQ (Thermo Galactic, Salem, NH) and partial least squares regression to calculate the derivatives of the spectra and to make predictions using the HPLC results as reference values for full cross-validations. 
Results and Discussion
The MIR spectrum of artimisinin (Fig. 2) was similar spectra reported in the literature (Kuhnle et al., 2008) . The lactone ring absorbance at 1750 cm-1, the C-H bond absorbance around 2800-3000 cm-1, and the O-H bond absorbance around 3200-3600 reported by Kuhnle et al. (2008) for artemisinin are clearly visible. Similar spectra were reported by Singh and Sarin (2010) . Since NIR spectra are composed of overtones from the MIR region, these MIR spectra can be used to verify if NIR spectra are indeed measuring artemisinin content.
Fig 2.
Mid-infrared spectrum of artemisinin with absorbance regions marked.
The NIR spectrum for artemisinin (Fig. 3 ) exhibits absorbance peaks around 2290, 1940, 1725, 1385 , and 1180 nm. The overtones of the lactone ring C=O bond may contribute to the peaks at 1940 and 1180 nm because these peaks correspond to 2nd and 4th overtones of absorption in the MIR region, respectively. The overtones for the C-H bond may contribute to the peaks at approximately 1725 and 1180 nm because these peaks correspond to the 1st and 2nd overtones of absorption in the MIR region, respectively. The 1st overtone for the O-H bond should occur at approximately 1450 nm, along with the 3rd overtone of the C=O bond, which may contribute to the broad absorbance peak at approximately 1385 nm. Shifts in the expected overtone NIR regions are caused by external structures that are attached to atoms, affecting their vibration frequency. However, many of the peaks in the artemisinin NIR spectra can be explained directly by calculating the overtones from the IR spectra.
The NIR spectrum of the tea (Fig. 3) shows that all energy is absorbed in regions from approximately 1400-1500, 1900-2060, and above 2350 nm because of the strong absorbance characteristics of water. Thus, no influence of artemisinin on the spectra can be observed in these regions, which unfortunately correspond to the C=O 2nd and 3rd overtones of the lactone ring. The spectra also exhibit little transmittance from approximately 2060 to 2350 nm. Thus, the regions from 1400-1500 and above 1900 nm were deleted from the PLS analysis. The regression coefficients (5 factors) from the PLS analysis show peaks at approximately 1680 and 1120 nm (Fig. 4) that correspond to the C-H 1st and 2nd overtones. The peaks at approximately 1120 nm may also be influenced by the C=O 4th overtone. The cross-validation using these regression coefficients shows that the artemisinin content can be predicted with R2=0.74 and SECV=4.4 ppm artemisinin (n=72, range =0-30 ppm, average=8.1 ppm, standard deviation=8.7 ppm, RPD=2.54). If the replicates are combined to provide an average predicted artemisinin content, R2 increases to 0.84 and the SECV=3.4 ppm (n=24) (Fig. 5) . These results are slightly lower thant the MIR results presented by Kuhnle et al. (2008) (RPD=3) and better than the NIR results by Camps et al. (2010) (RPD=2. 3) which both predicted the artemisinin content of dried plant material with SECV=1000 ppm. However, the standard deviation of the equivalent HPLC results can be as low as 0.3 ppm (Liu et al., 2011) . The artemisinin content in plants can be approximately 4000-7000 ppm (Mueller et al., 2000; Camps et al., 2010) , whereas tea extracts could contain approximately 70 ppm if all artemisinin is extracted in the lowest tea dilution reported herein. These results show that NIRS can be used to rapidly predict the artemisinin content of tea made from Artemisia annua L. The scanning procedure is simple and only requires that tea be placed in the appropriate cuvette and scanned with a NIR spectrometer containing the appropriate calibration. Hundreds of samples can be prepared and scanned per day with relatively little training, and the process requires no consumables. Although these results were obtained from a research spectrometer with a broad wavelength range of 400-2500 nm, it may be possible for a lower-cost version of an available spectrometer to scan the range of 1100-1750 nm and provide similar results. These spectrometers can be rugged and simple to use.
This rapid and simple technique to detect the presence of artemisinin could be used in medical clinics to determine whether tea being prepared for patients contains enough artemisinin to be effective. This technology could also be used to study how the growing conditions of the plant affect its production of artemisinin and how different tea preparation methods affect the amount of artemisinin extracted from the plant. Different Artemisia species are known to vary 3-fold or more in their artemisinin content, and the roots, stems, leaves, and flowers can have a 50-fold variation in artemisinin content (Mannan et al., 2010) . This rapid NIR method can help to study the effect of species, plant portion, maturity level, etc on the artemisinin content of teas. Another advantage of this technology is that the same instrument can be used to detect counterfeit pharmaceutical drugs and determine the age and species of malaria vectors (Mayagaya et al., 2009 ).
